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SUMMARY 
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I  Thermomechanical  processing  of  cast  ultrahigh-carbon  steel  ingots,  to  produce  a  fine  two- 

■  phase  structure  required  for  superplastic  behavior,  is  presently  effective  for  rolled  stock  and  2-  to 

[  '  3-lb  forgings.  For  larger  billets,  ultrahigh-carbon  steel  powders  and  an  iron-boron  alloy  powder 

I  can  be  hot  compacted  at  relatively  low  temperatures  to  produce  the  desired  fine  grain  structures. 

The  powder  base  ultrahigh-carbon  steel  was  forged  to  a  difficult-to-forge  shape  which  normally 
I  can  be  produced  only  of  materials  with  fine  superplaslic  grain  structures. 

With  a  laser  rapid  melting-rapid  solidification  method,  it  was  found  that  an  Fe-Ti-B  alloy 
with  a  Ti/B  ratio  greater  than  0.5  could  be  produced  with  a  fine  (200  to  2(KX)  A)  TiB,  dispersion. 
Rapidly  solidified  powders  of  ferrous  alloys  containing  Ti  and  B  in  the  ratio  of  TiB,  were  found 
to  contain  similar  fine  dispersions  which  appeared  to  be  effective  in  inhibiting  grain  growth.  An 
alloy  whose  composition  was  AISI  4340  steel  plus  TiB,  was  hardened  by  the  martensitic 
transformation.  Preliminary  results  indicate  that  a  hardenable  alloy  steel  containing  a  dispersion 
of  TiB,  may  be  superplastic. 
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SECTION  I 


INTRODUCTION 


Superplasticity  in  metal  alloys  permits  f'orminf;  to  complex  shapes  and  at  relatively  low 
stress  levels.  In  some  cases,  as  with  nickel-ba.se  superalloys,  superplaslicity  makes  it  possible  to 
forge  to  complex  .shapes  a  material  which  is  considered  unforgeahle.  In  other  cases,  as  with  a  Zn- 
A1  alloy,  forming  operations  u.sed  for  plastics  are  employed  to  produce  intricate  parts  to  close 
tolerances  and  with  faithfully  reproduced  surface  textures.  For  steels  made  superplastic, 
economics  from  proce.ssing  and  subsecpient  machining  should  be  attainable,  and  it  can  be 
expected  that  gains  in  properties  associated  with  a  very  fine  grain  size  may  also  he  in  the  offing. 

Research  conducted  at  Stanford  I'niversity  by  ().  Sherby  et  al*  has  shown  that 
superplasticity  can  be  achieved  in  simple  hut  ultrahigh-carbon  steels  (1.11  to  1,9  weight',  f')  by 
thermomechanical  processing  in  such  a  way  that  a  very  fine  grain  size  in  the  micron  range  is 
produced.  The  very  high  carbon  contents  are  required  to  produce  sufficiently  high  concentrations 
of  cementite  (20  to  29  volume'.'  h’ejC)  to  stabilize  the  ferrite  at  working  and  superplastic 
deformation  temperatures.  By  working  in  the  austenite-cementite  range,  the  massive  cementite 
phase  present  in  the  original  casting  is  broken  up  and  spheroidized.  And  by  further  working  in  the 
ferrite-cementite  range,  the  transformed  au.stenite  or  pearlite  is  also  spheroidized,  while  the 
structure  is  refined  to  a  very  small  grain  size.  Various  thermomechanical  methods  were  employed 
to  produce  grain  refinement  but  in  all  ca.ses  the  final  structure,  for  sujjerplastic  behavior,  was  an 
equiaxed  ferrite  grain  in  the  order  of  1  to  II  microns  stabilized  with  a  submicron  spheroidized 
cementite  precipitate. 

A  material  can  be  defined  as  superplastic  if  the  strain  rate  sensitivity  exponent,  m.  in  the 
relation  d  K  <  (a  is  the  flow  stress,  t  is  the  strain  rate  and  K  is  a  material  constant) 
approaches  0.5  and  high  elongations  (to  500''z)  are  achieved.  According  to  Stanford  llniversi' , 
researchers,  the  ultrahigh-carbon  steels  are  superplastic  at  warm  temperatures  (below  the  y  to  a 
Fe,C  transformation  temperature)  at  a  strain  rate  in  the  order  of  I'V  per  minute. 

The  purpose  of  this  Advanced  Research  Project  Agency  (ARPA)  spon.sored  program  is  to 
apply  the  principles  developed  at  Stanford  University  to  the  precision  forging  of  steel  shapes  by 
the  GATORIZING™  forging  process,  and  to  determine  the  benefits  to  be  realized  by  the  use  of 
superplasticity  in  steels.  Three  parts,  which  are  believed  to  be  representative  of  mass-produced 
items,  were  selected  to  evaluate  the  forging  of  superplastic  steels.  These  are;  ( 1 )  an  aft  closure  of 
a  laser  guided  missile,  (2)  a  forward  control  section  of  the  same  missile,  and  (3)  a  die  assembly 
for  hot  forging  pinion  gears. 

The  program  is  a, 27-month  effort  starting  with  an  evaluation  of  the  forgeability  of  an 
ultrahigh-carbon  steel  composition  produced  initially  as  a  cast  billet.  Alternately,  the  same  alloy 
is  to  be  produced  as  a  powder  to  determine  the  advantages  gained  by  the  elimination  of  massive 
cementite.  In  conjunction  with  the  above  tasks  is  an  evaluation  of  the  potential  of  alloying  to  alter 
mechanical  properties  without  loss  of  superplasticity.  Finally,  subsequent  to  a  precision  forge 
evaluation  and  component  fabrication,  the  economic  and  material  benefits  derived  from 
superplasticity  in  steel  will  be  assessed. 

This  is  the  second  semiannual  technical  report  covering  the  period  from  1  December  1977 
through  31  May  1978.  It  deals  with  the  thermomechanical  processing  of  cast  ingots  of  ultrahigh- 
carbon  steel  and  with  the  consolidation  of  powders  of  the  same  composition  to  produce  a  fine 
duplex  microstructure  characteristic  of  .superplastic  materials.  It  deals  also  with  the  alloy 
development  pha.se  of  the  program. 
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SECTION  II 


PROCESS  DEVELOPMENT 


FORGING 

Cast  billets  of  1.5'V  carbon  steel  were  forged  above  and  below  the  austenite  to  pearlite 
transformation  temperature  to  produce  the  fine  two-phase  micrt)structure  which  was  developed 
by  rolling  by  Prof.  O.  Sherby  of  Stanford  I’niversity.  This  was  the  first  attemitt  at  scale-uj) 
performed  on  6-in.  dia  ingots  using  the  procedure  described  in  the  first  semiannual  technical 
report  of  this  contract.  Briefly,  the  ingots  were  hammer  forged  at  approximately  1400  to 
to  break  down  the  as-ca.st  structure  and  subsequently  reforged  at  about  110()°F  to  further  refine 
the  structure  and  spheriodize  the  cementite.  Microscopic  examinations  of  the  forged  ingots 
revealed  that  the  desired  fine  duplex  ferrite-cementite  structure  was  produced.  F'igure  1  shows 
this  base  structure  of  ferrite  with  spheriodized  cementite.  However,  also  present  in  the  structure 
was  a  coarse  network  of  proeutectoid-cemenfite  at  prior  au.stenite  grain  boundaries.  Figure  1 
shows,  at  a  low  magnification,  the  carbide  which  was  not  dispersed  during  the  forging  o[)eration. 

Following  this  investigation,  special  tasks  were  initiated  to  determine  the  extent  of 
deformation  required  as  a  function  of  ingot  volume  to  break  down  the  massive  cementite  which 
forms  during  cooldown  through  the  austenite-cementite  phase  field.  First,  ingots  of  different  size 
were  forged  in  a  hydraulic  press.  Then  an  apparatus  was  employed  to  perform  torsion  tests  on 
samples  cooled  at  a  rate  typical  of  an  8-in.  dia  ingot.  The  torsion  test  permitted  the  deformation 
parameters  to  be  varied  conveniently  over  wide  ranges  and  required  only  small  samttles  to 
simulate  the  forging  of  large  billets.  The  following  discussion  describes  the  procedures  and  results 
obtained. 


Mag:  3000X 


Figure  /.  As-Forged  1.5' i  Carbon  Steel 


2 


Mag:  100X 

Figure  2.  As-Forced  1.5' <  Carbon  Steel 


A  total  of  10  forgings  were  made  in  a  hydraulic  press  using  ingots  which  varied  in  volume 
from  6  to  64  in?  (1  x  2  X  ,1  to  4  X  4  *4  X  :V'«  in.).  The  ingots  were  forged  in  steps  of  20  to  about 
•nO'.  in  two  or  three  directions  depending  on  sample  handleability.  Some  ol'  the  smaller  ingots 
were  manipulated  with  a  length  of  steel  tubing  welded  to  one  face  of  the  ingot  for  forging  in  two 
directions.  The  larger  ingots  were  manipulated  with  tongs  and  forged  in  all  three  directions.  In 
general,  the  ingots  were  worked  continuously  to  introduce  as  much  work  as  feasible  within  the 
range  of  available  deformation  or  desired  temperature  range. 

Prior  to  forging,  the  ingots  were  held  for  2  hr  at  2100“F  to  completely  solution  the  cement  it  e. 
The  billets  were  then  forged  according  to  one  of  the  following  schedules. 

1.  Forge  continuously  during  cooldown  from  2100  or  ISt^O^F.  which  is  the  start 
of  cementite  precipitation,  through  the  y-FejC  phase  field. 

2.  Forge  from  the  start  of  cementite  precipitation  for  approximately  100  to 
2fK)°F  to  create  the  greatest  number  of  defects  in  the  structure  for  carbide 
precipitation. 

'1.  Forge  at  a  single  temperature  of  ^.^"F  in  the  y-FejC  phase  field. 

In  addition,  .some  of  the  forged  ingots  were  reforged  at  1200  to  iri00°F  to  possibly  breakup  grain 
boundary  cementite  and  to  spheroidize  eutectoid-cementite. 

The  results  were  conclusive.  Small  ingots,  i.e..  1  X  2  x  ,‘l  in.,  can  be  forged  to  completely 
disperse  the  proeutectoid-cementite  and  to  produce  a  fine  two-phase  structure  similar  to  that 
obtained  by  rolling  Larger  ingots  approaching  the  size  required  for  component  development 
contained  massive  cementite  which  was  continuous  in  billets  forged  in  two  directions  but 
discontinuous  in  billets  forged  in  all  three  directions.  Figure  .1  shows  the  finer  structure  ijroduced 
by  forging  small  ingots,  and  Figure  4  shows  the  discontinuous  but  coarse  cementite  in  the  larger 
ingots. 
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Mag:  100X 


hi:iiri'.t  ,\  (>'  ni:  hi^":  c;  ;/;■  -  /■.  ( 
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Till'  task  tn  iiivi'sl iyalc  the  itcicssarv  cniKlil inns  Inr  rcliniiii;  i  ast  slna  lurt's 

employed  the  torsion  apparatvis  shown  sehematieally  in  Kifinre  o.  An  ■''  in.  dia  h\  (i  in  hiuh 
superalloy  hillet.  which  had  a  central  ca\il\  to  accoirmodate  the  specimen.  };a\e  the  ap|)aralns 
the  thermal  capacilv  that  simuhned  an  S-in.  dia  st«-el  inyot  The  steel  -ample  had  a  fzaiie  section 
il.  t.'tT  in.  fliit  hy  I)  IL'a  in.  lont;. 
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The  normal  experimental  procedure  involved  heating  the  apparatus  containing  a  sample  to 
solution  the  carbon  in  the  sample  and  then  removing  the  apparatus  from  the  furnace  so  that  it 
cooled  in  air  at  approximately  the  same  rate  that  an  8-in.  dia  steel  ingot  would  cool  during 
forging.  The  sample  cooled  at  nearly  the  same  rate  as  the  inside  surface  of  the  apparatus.  The 
sample  cooled  from  2050‘’F  to  the  start  of  cementite  precipitation.  18.50®F.  in  9.5  min.  and  from 
that  temperature  to  the  transformation  temperature,  1265  to  1290®F.  in  22  min. 

During  cooling  through  the  temperature  range  from  1850°F  to  the  transformation 
temperature,  the  specimen  was  deformed  by  applying  a  torque  manually.  In  a  series  of 
experiments,  the  deformation  was  applied  in  some  instances  by  torque  in  one  direction  and,  in 
other  cases,  the  sense  of  the  torque  was  changed  after  rotations  of  20  to  30  deg.  To  simulate  a 
forging  operation,  the  strain  was  applied  in  increments  with  intervening  intervals  of  no  strain. 
The  strain  at  the  surface  of  the  gage  section  varied  from  0.1  to  about  1.0  per  increment  and  the 
interval  from  5  sec  to  2  min. 

In  the  series  of  experiments,  the  total  strain  was  generally  increased  and  the  interval 
between  deformation  increments  decreased  in  attempts  to  eliminate  coarse  grain  boundary 
cementite.  A  typical  structure  is  shown  in  Figure  6.  For  the  final  experiment  in  this  series,  an 
interval  between  deformation  increments  of  5  sec  and  a  total  strain  on  the  order  of  20  was 
employed.  The  grain  boundary  cementite  was  not  broken  up  and  is  as  shown  in  Figure  6. 

Finally,  an  experiment  was  performed  in  which  only  the  specimen  was  heated.  It  was 
transferred  to  the  apparatus,  which  was  at  room  temperature.  The  sample  cooled  from  1850°F  to 
the  transformation  temperature  in  125  sec  and  the  specimen  was  strained  in  increments  of  about 
0.1  at  2-sec  intervals,  yielding  a  total  strain  of  about  6.  The  distribution  of  the  proeuctectoid- 
cementite  closely  approached  that  obtained  by  rolling  or  forging  small  samples. 
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From  the  previous  discussion,  it  was  concluded  that  the  m<»rpholo{;y  of  proeiitectoid 
cementite  is  affected  by  strain,  cooling  rate,  and  p«)ssibly  by  strain  rate  during  c(M)ling  through 
the  carbide  precipitation  range.  The  amount  of  strain  required  to  disperse  the  <ementiie 
increased  with  decreasing  c(K)ling  rate  or  increasing  billet  size. 


Mag;  100X 

Figure  6.  Torsion  Sample  -  /.5‘  f  Carbon  Steel 


POWDER  PROCESSING 


The  use  of  powder  as  the  starting  material  is  an  alternate  approach  for  producing  fine  grain, 
ultrahigh-carbon  steel.  It  was  shown  in  the  preceding  section  that  the  slow  cooling  of  the 
ultrahigh-carbon  steel  through  the  austenite  plus  cementite  temperature  range  results  in  the 
formation  of  continuous  grain  boundary  networks  of  cementite  which  can  only  be  dispersed  by 
thermomechanical  processing.  These  networks  can  be  avoided  by  rapid  solidification,  and  this 
effect  in  powders  can  be  retained  through  consolidation  and  fabrication  of  the  material  into 
components. 

The  alloy  development  phase  of  this  program,  which  involves  boron-containing  ferrous 
alloys,  depends  upon  the  rapid  solidification  inherent  in  powders.  Therefore,  the  processing  of  a 
prototype  alloy,  binary  iron-l'’(  boron  alloy,  was  also  studied  not  only  to  learn  how  to  proce.ss 
boron-containing  alloys  but  also  to  confirm  that  the  laser  welding  technique  used  as  a  screening 
test  for  alloy  development  was  valid. 

Argon  atomized  powders  of  the  ultrahigh-carbon  steel  and  the  iron-boron  alloy  were 
obtained  from  a  commercial  source.  The  nominal  composition  of  the  carbon  steel  was; 
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Fi/^urv  H.  Coarse  Structure  of  HIP  Steel 


The  ferrite  sfihi'  ttncl  eementite  particle  size  were  larjter  in  the  steel  upset  at  i).(H  'min 
while  the  ferrite  fjrain  size  increased  hv  roughly  it  factor  of  5  as  shown  in  Figure  9. 

The  structure  of  the  horon  alloy  consisted  of  ferrite  and  a  dispersed  horide  f)h<ise.  A  ly!>ieal 
structure  is  shown  in  Figure  10.  The  structures  at  ten  randomly  selected  areas  in  forging  ot  the 
fine  and  the  coarse  powder  fractions  were  compared.  'I’he  average  structure  of  the  fine  powdiT 
forging  was  finer  than  that  of  the  forging  of  the  coarse  jtowder  fraction,  hut  the  variation  in  grain 
and  particle  size  from  region  to  region  within  a  forging  was  larger  than  the  difference  heiweim  the 
means  of  the  materiiils. 

The  structure  of  the  forgings  re.semhied  that  of  the  laser  welded  samples  of  the  same 
composition  to  the  extent  that  the  laser  weld  technitjue  is  considered  atkajuaie  as  a  screening  test 
cafiahle  of  detecting  large  effects  of  composition  on  grain  size  anti  disitersed  phase  particle  size. 

The  significance  of  the  foregoing  results  is  that  fine  grain  structures  can  he  ohtainetl  hv 
consolidating  high-carbon  steel  and  iron  1'-  boron  powders.  Also,  duplex  structures  containing 
a  sjtheriodized  and  stabilizing  second  phase  can  be  obtained  directly. 

The  room  temfterature  mechanical  [troperfies  of  steel  and  the  boron  allov  are  given  in 
Table  1 . 
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TABl.K  1.  ROOM  TEMPERATURE  MECHANMUAL  PROP¬ 
ERTIES 


.tZ/in 

(  ondifnm 

t  TS 
(ksi) 

V.S 

Iksi) 

Elongatinn 

('<) 

Hvdimuni 
in  Arva  . 

ritrahinh-iarhon 

HIP 

I2(i.n 

IIO.I 

<i.7 

«..'i 

Steel 

.SIdw  strain  rate 
fiirKinx 

91.0 

88.8 

12.7 

14.4 

Iron  l  '  Huron 

ForRinK 
('oarf^  powder 

H0.8 

08.9 

24.0 

48.  :t 

ForRinK 

Fine  powder 

87.0 

79.M 

24.0 

44. :t 

The  ultimate  tensile  strength  and  the  yield  strength  of  the  ultrahigh-carhon  steel  as  HIP 
were  lower  the  strengths  reported  by  Prof.  O.  Sherby  for  this  steel  rolled  extensively  in  the 
austenite  plus  cementite  range  and  the  ferrite  plus  cementite  range.  The  lower  strengths  obtained 
on  this  program  were  associated  with  the  lack  of  extensive  warm  work.  The  grain  and  cementite 
particle  size  growth  during  the  slow  strain  rate  forging  operation  was  the  apparent  cause  of  the 
decrease  in  strength  during  that  operation. 

The  strength  of  the  iron-boron  alloy  from  the  fine  mesh  fraction  powder  was  higher  than 
that  from  the  coarse  powder  and  apparently  reflected  the  finer  grain  size  of  the  former. 

A  slab  of  the  ultrahigh-carbon  steel  0.4-in.  thick  was  austenitized  at  HOO^F  fnr  1  hr  and 
water  quenched  to  determine  its  hardenability.  A  hardness  traverse  on  a  section  indicated  that 
the  maximum  hardness.  VPN  851,  extended  only  to  a  depth  of  0.1  in.  The  hardness  at  the  center 
was  VPN  402. 

The  behavior  of  the  ultrahigh-carbon  steel  and  the  iron-boron  alloy  during  the  GATORIZ- 
ING’**  (superplastic  forging)  process  was  studied  as  a  function  of  temperature.  Billets  1  -in.  dia  by 
0.625-in.  high  were  lubricated  with  boron-nitride  and  isothermally  forged  at  a  pressure  of  .tO.IXX) 
psi  for  30  min.  The  die.  which  was  available  and  produced  a  shape  that  was  difficult  to  forge, 
produced  an  airfoil  extrusion  that  was  both  tapered  and  twisted.  Due  to  the  twist  and  taper,  the 
resistance  to  extrusion  increased  with  the  length  of  the  airfoil.  Therefore,  airfoil  length  was  a 
measure  of  the  merit  of  an  alloy  for  GATORIZINO.  One  sample  of  a  commercial  alloy  steel.  AISI 
4140,  was  included  in  the  study  for  comparison. 

The  lengths  of  the  airfoils  are  given  in  Table  2.  Typical  airfoils  are  shown  in  Figure  11.  The 
lengths  of  the  airfoils  can  generally  he  rationalized  on  the  basis  of  temperature,  grain  size  and  the 
allotropic  form  of  the  alloy.  The  decrease  in  flow  stress  with  increasing  temperature  prevailed  for 
the  ultrahigh-carbon  steel.  The  airfoil  length  increased  with  temperature  despite  the  allotropic 
change  between  1300  and  15.50'’F  which  increased  the  strength  of  the  steel.  The  grain  size  of  the 
steel  during  GATORIZING  could  only  be  inferred  from  the  transformed  structure  in  the  forging, 
but  it  appeared  that  little  growth  occurred  at  1.5.50°F.  Using  the  ITIXl^F  forging,  the  proeutectoid- 
carbides  and  the  grain  size  had  grown,  but  the  proeutectoid-carhides  still  appeared  to  he 
randomly  distributed.  At  18.50°F  the  carbides  and  the  grain  size  had  grown  further  and  many  of 
the  proeutectoid-carbide  particles  appeared  to  be  in  'he  austenite  grain  houndries.  However, 
unlike  the  alloy  produced  from  an  ingot,  the  grain  boundry  carbides  did  not  form  a  continuous 
network. 

The  airfoil  lengths  of  iron-boron  alloy  derived  from  coarse  and  fine  powders  cannot  be 
rationalized  on  this  basis.  The  grain  size  of  the  material  from  fine  power  was  finer  than  that  of 
the  coarse  powder  material  at  1.300‘’F  and  the  airfoils  from  the  coarse  powder  were  longer  but  their 
grain  sizes  were  the  same  at  higher  temperatures.  The  iron-boron  alloy  formed  a  longer  airfoil  at 
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Figure  12.  Suh.'icale  Turbine  Disk  Forging 


ALLOY  DEVELOPMENT 

During  this  report  period,  screening  of  numerous  alloys  using  more  shallow  laser  welds  on 
small  arc  cast  button  ingots  was  continued. 

Iron-Carbon-Boron  Alloys 

In  these  alloys  the  dispersed  phase  was  coarse  lamellar.  The  boron  appeared  to  prevent  the 
solution  of  the  carbon  which  is  required  for  strengthening  by  the  martensite  reaction.  This  .system 
appears  unlikely  to  provide  useful  superplastic  alloys.  The  addition  of  2.5' ,  aluminum  and  1 .5' . 
silicon  to  iron-boron  alloys  as  solid  solution  strengtheners  and  ferrite  stabilizers  enhanced  the 
effect  of  the  boron  in  reducing  grain  size.  Fine  grains  were  produced  with  only  I), 52' .  boron,  but 
more  than  O.b' i  boron  was  required  in  the  binary  iron-boron  alloys  to  produce  the  same  grain  size. 

Iron-TItanlum-Boron  Alloys 

The  boron  c<mtent  in  these  alloys  was  varied  from  0.25  to  0,.5(i' .  by  weight .  The  atomic  rat  io 
of  titanium  to  boron  in  these  alloys  varied  from  0.09  to  l.ri.  For  all  boroti  contents,  the 
morphology  of  the  dispersed  phase(s)  varied  after  the  standard  thermomechanical  process  with 
the  titanium  to  boron  (Ti/B)  ratio.  For  Ti/B  ratios  less  than  0.5,  the  dispersed  phase  resembled 
that  found  in  the  binary  iron-boron  alloys.  For'Ti/B  ratios  of  approximately  0.5  or  more,  the 
dispersed  phase  was  approximately  one  order  of  magnitude  finer  as  shown  in  Figures  1.5  and  14. 
The  nominal  boron  contents  and  the  titanium  ratios  are  given  in  Figure  15, 

According  to  Zener*,  the  limiting  grain  size  of  an  alloy  is  proportional  to  the  radius  of 
inclusions  and  inversely  proportional  to  the  volume  fraction  of  the  inclusions.  He  assumed 
uniform  spherical  inclusions  randomly  distributed;  thus,  his  relationship  only  api)roximates 
actual  cases.  According  to  this  relationship,  the  iron-titanium-boron  alloys  promise  to  attain  the 
fine  grain  structure  necessary  for  superplast icily  with  greatly  reduced  volume  fraction  of  the 
dispersed  phase.  Reducing  the  volume  fraction  of  the  dispersed  phase  would  not  only  reduce  the 
cost  of  alloys,  but  lessen  the  effects  of  the  brittle  disfxrsed  phase  on  room  tetnperalure  duclilit\' 
and  toughness.  To  verify  these  potential  advantages,  an  alloy  was  produced  as  rapidly  solidified 
powder. 


■  Zpner.  I’rivatp  Commiiniiatidn  liiC.  S  Smith  liU'd  in  Trnn!-.  AIMK.  Vol  IV."'.  pp  l.'i  'U.  UUit 
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Figure  15.  Iron-Titanium- Boron  Alloys 


A  50-tb  melt  of  the  alloy  was  converted  to  powder  in  an  experimental  apparatus  that 
achieves  cooling  rates  in  excess  of  10*  °C/sec.  by  means  of  a  helium  quench,  for  powder  particles 
of  -  140  mesh.  The  alloy’s  nominal  composition  was  iron,  aluminum,  l.O.’l'f  titanium.  0.6'f 
boron  by  weight,  and  the  atomic  ratio  of  titanium  to  boron  was  0.,').  Since  this  powder  was 
produced  recently,  the  evaluation  has  been  limited  to  consolidation  studies. 

The  alloy  compacted  by  hot  pressing  at  172.'>°F  for  1  hr  appeared  to  have  two  dispersed 
phases.  One  was  very  fine  and  nearly  spherical  re.sembling  the  dispersed  pha.se  in  the  screening 
te.sts  of  the  iron-titanium-boron  alloys.  The  other  phase  was  more  voluminous  and  the  particle 
size  was  considerably  larger,  as  shown  in  Figure  16.  The  alloy  compacted  at  l.').'i0'’F  by  hot 
pressing  and  then  forged  after  annealing  for  2  hr  at  1800°F  had  only  the  finer  second-phase 
particles,  as  shown  in  Figure  17.  It  was  postulated  that  at  the  lower  temperatures  the  boron  is 
associated  with  FcjB  while  the  titanium  is  dis.solved  in  the  ferrite  pha.se.  At  high  tem[>eratures  the 
Fe,B  dissociates  and  the  boron  dissolves  in  the  ferrite  where  it  reacts  with  titanium  to  form  the 
stable  TiB,  phase. 

The  dispersed  phase  particles  were  mostly  less  than  KXX)  A  in  diameter,  with  particles  as 
small  as  200  A  as  shown  in  Figure  17.  Note  that  the  extracted  particles,  which  appear  black,  had 
a  similar  size  distribution  to  the  replicated  particles,  which  appear  light.  Transmission 
microscopy  of  a  single  sample  tended  to  confirm  the  size  distribution  as  revealed  by  the  replica 
technique. 


'I’he  fjrain  size  ('(uild  not  he  (ielertiiinefi  (rtmi  replira.  Fijjtire  17  'I'ratistiiission  micniseoin-  of 
the  material  revealed  many  bnundaries.  luit  it  eniild  not  he  determined  whether  the  hmindaries 
were  high-  or  low-angle  boundaries.  Only  high-angle  boundaries  are  believed  to  contribute  to 
superplasticity. 

While  the  iron-aluminum-titanium-horon  alloy  promises  to  be  super[»Iastic  at  high 
temperature  and  ductile  at  room  temperature,  its  rt)om  temperature  strength  would  be  derived 
from  a  solute  strengthened  ferrite,  a  fine  grain  size,  and  a  low  volume  fraction  of  the  dis|)ersed 
phase.  Figure  18  shows  a  strip  hent  at  room  temiierature.  Since  the  iron-boron  binary  alloy  had 
a  yield  strength  of  79  ksi  with  no  solute  strengthening  and,  presumably,  a  coarser  grain  size  than 
the  Fe-Al-Ti-B,  it  is  not  unreasonable  to  expect  a  yield  strength  of  1(K)  to  l.M)  ksi  from  this  type 
of  alloy.  This  combination  of  mechanical  properties  may  he  well  suited  for  some  applications,  but 
this  program  has  as  a  goal  the  production  of  a  missile  component  requiring  higher  strength 
material. 

The  Fe-Al-Ti-B  alloy  is  regarded  as  a  promising  material,  but  most  importantly  for  this 
program,  a  logical  ste|)  in  the  development  of  a  higher  strength  alloy.  It  can  be  viewed  as  a 
relatively  simple  system  combining  a  TiBj  dispersion  in  a  stable  ferrite  matrix.  A  major  part  of 
the  effort  in  the  next  report  period  will  he  spent  studying  the  effects  of  thermomechanical 
proces.sing  parameters  upon  the  TiB^  dispersion  and  the  grain  size. 

A  high  strength  and  superplastic  alloy  steel  may  be  obtained  by  superimposing  a  TiB, 
dispersion  on  a  conventional  high  strength  alloy  steel.  Toward  this  goal,  an  alloy  who.se 
composition  was  that  of  4:140  steel  plus  1 .20*  -  Ti  and  0..‘i6' ;  B  was  converted  to  rapidly  solidified 
powder.  This  material  has  thus  far  been  studied  for  compaction  characteristics,  but  one 
consolidated  sample  was  produced  whose  structure,  as  quenched  from  1600°F.  apparently 
consisted  of  a  fine  dispersed  phase,  martensite,  and  a  small  amount  of  an  unidentified  phase  as 
shown  in  Figure  19.  The  as-forged  hardne.ss  of  about  DPH  .'120  was  increased  to  DPH  .')26  by 
quenching  from  16(K)°F.  As  discussed  previously,  boron  additions  to  iron-carbon  alloys  seemed  ttr 
inhibit  the  solution  of  the  carbon  in  austenite  and  prevent  the  martensite  transformation. 
However,  the  titanium  may  have  combined  preferentially  with  the  boron  in  the  modified  4.'140 
alloy  since  a  substantial  fraction  of  the  carbon  must  have  been  in  solution  at  1I10()°F  for  the 
martensite  transformation  to  occur  on  quenching. 

The  results  on  the  modified  4.'14(l  alloy  are  preliminarv.  The,\’  indicate  that  there  is  a 
(Kissibility  that  this  alloy  can  be  made  superplastic  and  that  very  fine  grained  austenite  can  be 
made  to  undergo  the  martensitic  transformation.  The  r(M)m  temperature  mechanical  pro))ertis  of 
a  martensitic  structure  transformed  from  very  fine  grain  austenite  is  generally  expected  to  be 
superior  to  those  from  normal  austenite. 
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